ABSTRACT
INTRODUCTION
Liquid-metal-cooled nuclear reactors have been proposed for use outer space to supply tens of megawatts of thermal power for the production of electricity to power various defense-related space platforms. An item of concern for any space-based component is its weight because of the associated high launch costs. Thus, the determination of the weight required by a reactor core to produce a given amount of power is a parameter of interest. A measure of this parameter is the specific power defined as the maximum amount of power a unit mass of fuel can produce for a particular set of operating conditions. The RSMASS code [l] is used to provide estimates of the reactor and shield masses for space-based nuclear reactors. One of the required input variables for RSMASS is the specific power (MW/kg-U) of the reactor. Recently completed thermal hydraulic analyses [2, 3] provided estimates of specific power for several gas-cooled reactors. A similar analysis has been carried out for liquid-metal-cooled reactors and the results of this analysis are reported in this report. The analysis was performed for three types of fuels: (1) pin-type fuel, (2) cermet fuel, and ( 3 ) thermionic fuel. The effect of critical heat flux constraints is also addressed along with a simple analysis of a loss-of-coolant accident and its possible impact on the specific power. reactors is a function of the thermal resistances associated with core components such as the fuel, the gap, the fuel cladding or coating, and the coolant. With the coolant and the maximum-allowed fuel temperatures specified, the specific power, Ps, can be expressed as:
psn where: Tf = maximum-allowed fuel temperature, Tc = coolant bulk temperature (or fuel surface p f = fuel density, Pz = axial peak-to-average power factor, Pr = radial peak-to-average power factor, n = the nuFker of core thermal resistances, and Ri = the i temperature) at fuel hot spot, thermal resistance.
The thermal resistances were derived for this work on a unit volume basis as opposed to a unit area basis as is commonly found in the heat transfer literature. This was done because the quantity of interest (the specific power) is determined as the fuel volumetric heat generation rate divided by the fuel density. Therefore, expressing the resistances on a volume basis is consistent with the objective of this work and makes the evaluation of equation (1) straightforward.
If a cosine axial power profile is assumed, the coolant bulk temperature at the fuel hot spot can be estimated as the algebraic average of the core inlet and outlet coolant temperatures. For a flat axial profile, the core outlet coolant temperature should be used. If a boiling coolant is used, then the saturation temperature provides a good estimate of the coolant bulk temperature.
Several
multimegawatt space reactor concepts have been proposed that use a liquid metal to provide core cooling. In some concepts, the metal remains a liquid as it passes through the core while other concepts make use of boiling liquid-metal coolant. Three basic fuel types have been proposed for the liquid-metal-cooled reactors: (1) pin-type fuel in which the fuel is in the form of clad fuel pins, (2) cermet fuel in which a ceramic fuel resides in a metal matrix material such as tungsten, and (3) thermionic fuel in which the fuel is in the form of clad hollow cylindrical pins. In the pin-type fuel, coolant flows within the space between the fuel rods. In the cermet fuel, the coolant flows either axially or radially through channels formed within the matrix material. In the thermionic fuel, coolant flows around a collector that surrounds the hollow pin.
(The hole in the fuel pin provides volume for the collection of fission products and the outer surface of the cladding is the thermionic emitter.)
The formulae used to determine specific power for the three types of fuels are presented in the next three subsections. 
Cermet Fuel
A schematic diagram of the cermet fuel type is given in Figure  2 .2.1. The expressions for the thermal resistances associated with this fuel type are not straightforward because the fuel is dispersed within the matrix material either as a composite or as coated spherical particles. If the fuel is dispersed as a composite, the resistances associated with the particle and coating do not apply. The distance S , as shown in Figure 2 .2.1, is the maximum distance that heat must travel from the fuel to the coolant channel wall. A fuel particle is assumed to reside at this location to provide a conservative estimate (worst case) of the matrix and particle temperature differences. Because the fuel is uniformly dispersed within the matrix material, the matrix is assumed to have a uniform volumetric heat generation rate. An estimate of the matrix temperature drop across the distance S can be made by using the conduction relation for heat flow in a hollow cylinder of inside radius equal to the channel radius and outside radius equal to the inside radius plus the distance S . Assuming circular channels of constant flow area, the resistances are as follows: fuel particle : coating: matrix:
where; Vf = fuel volume fraction f = geometry correction factor S = maximum matrix conduction length, t = coating thickness, and d = diameter.
As previously mentioned, the maximum matrix conduction length, S , is the maximum distance that heat must travel from the fuel to the coolant channel wall and depends on the number and diameter of the channels, and whether the channels are arranged on a triangular or square array. The geometry correction factor, f, accounts for the fact that the conduction unit cell volume is larger than the geometric unit cell volume. The geometric correction factor can be calculated as the cross-sectional area of the geometric unit cell (not including the channel area) divided by the cross-sectional area of the conduction unit cell (again, not including the channel area). In dealing with reactor concepts, f will in general not be known because it depends on the number and spacing of the channels. However, f will be less than 1.0, and using f equal to 1.0 results in a conservative estimate of specific power; i.e., the actual specific power will be somewhat larger.
The fuel volume fraction, Vf, is defined as the volume of fuel divided by the volume of matrix material. This is a measure of the fuel loading within the core and must be based not only on specific power constraints but also on criticality constraints. Lower values of Vf result in higher values of specific power. 
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This correlation was developed for use in a one-g (earth gravity) environment; boiling heat transfer data for a zero-g environment representative of earth orbit is essentially nonexistent. Liquid metals typically possess very good heat transfer properties; therefore, for pin-type fuel with a gap, the thermal resistance associated with the coolant is small compared the total core resistance and use of the one-g heat transfer coefficient correlation will not a have a significant effect on the specific power calculations. However, for cermet fuel and for pin-type fuel without a gap, the thermal resistance associated with the coolant is a large fraction of the total. For these cases, use of the one-g data is the best that can be done until zero-g data becomes available. In addition to the previous example calculations, parametric calculations were performed to determine the effect on specific power of coolant temperature and maximum-allowed fuel temperature for pin-, cermet-, and thermionic-type fuels. Also, for pin-type fuel, the effect of gap conductance was determined and for cermet fuel, the effect of the coolant heat transfer coefficient was calculated. For the thermionic fuel, the effect of fuel dimensions and emitter temperature were investigated. The results of these calculations are presented in Figures 4.1  through 4 .6. These results apply for both the boiling and non-boiling cases because the coolant heat transfer coefficients are of the same order of magnitude for the two cases. Given the conceptual nature of the reactor designs and the uncertainty associated with liquid-metal boiling in a zero-g environment, the use of significantly different heat transfer coefficients is not warranted. . .
-.
--. The uncertainty associated with this result is substantial given the very limited amount of test data that is available for critical heat flux along with the fact that the reactor parameters are based on a conceptual design. Also, recall that the correlation for critical heat flux was based on results for pressures below 2 bars. This result however, gives an indication that the critical heat flux constraint associated with a boiling liquid metal may be a problem, especially if the effects of zero-g prove to be detrimental. 
LOSS-OF-COOLANT CONCERNS
As discussed in the previous section, it might be necessary to restrict the specific power because of critical heat flux concerns. Another concern is that of core temperature response during an accident situation such as a loss-of-coolant accident. In space, one does not have the luxury of being able to collect core coolant in a sump for subsequent recirculation through the core. Once the coolant is lost, there is no easy way of providing core cooling. The only cooling mechanism readily available is by way of radiant heat transfer from the vessel to space. Prevention of fission product release dictates that the vessel remain intact; prevention of fuel melting may not be necessary but certainly would also be desirable. Thus, such safety-related concerns must be considered when determining the core specific power.
Although
reactors with high specific powers enjoy the benefit of reduced weight and volume, these benefits become detriments with respect to the core's temperature response following a loss-of-coolant accident. Reduced weight results in a reduction in core heat capacity while reduced volume results in a reduction in available surface area for radiation to space. It may be necessary to reduce a core's specific power to avoid these detrimental effects.
To address this concern, a very simple loss-of-coolant accident analysis was performed for the pin-type and cermet reactors described in Section 2. A detailed analysis would require a very detailed description of the reactors and is far beyond the scope of this work. The intent of this simple analysis is to demonstrate the relative temperature response of the two types of liquid-metal-cooled reactors and thus point out possible safety-related concerns and how those concerns may effect the specific power.
(Some preliminary loss-of-coolant accident analyses for low-power space reactors are presented in [lo] . The work described in that reference attempts to model the effects during postulated accidents of some of the specific design details of several proposed space reactors.)
To make this otherwise difficult problem tractable, numerous assumptions and simplifications were necessary. First, it was assumed that the core is not surrounded by a vessel or any other structure and that the outer radial surface of the cylindrically shaped core radiates directly to space. Inclusion of the vessel or any other structure between the core and space (such as a neutron reflector or multifoil insulation) would introduce additional thermal resistance making heat rejection to space much more difficult and resulting in higher core temperatures. (Reference 10 provides an indication of the magnitude of these effects. )
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The effective temperature of space was selected as 250 K and the emissivity of the outer core surface was chosen as 0.3. All coolant was assumed to be lost instantaneously at the start of the accident. Reactor SCRAM was also assumed to occur at the start of the accident. The ANS standard decay power function with infinite irradiation time was used to calculate the core decay power after SCRAM. Although this function was not intended for fast spectrum liquid-metal-cooled reactors, it provides a reasonable estimate of decay power for this analysis. A further assumption that was necessary for the pin-type fuel was the selection of a suitable view factor to space. The node volume, V, was determined based on the core specific powers. First, the specific power was converted to a core power density, Pd, using the following: where: Vf = fuel volume fraction, Vc = core void fraction, and p = fuel density.
For the pin-type fuel, the fuel volume fraction is the fraction of the fuel rod volume occupied by fuel (UN). For the cermet fuel, it is the fraction of the solid core material volume (W and UN) occupied by fuel. The core void fraction is the fraction of the core volume normally occupied by coolant.
Using the calculated power density, the total volume of the core, V, was calculated as P/Pd. Assuming a cylindrical core with a height-to-diameter ratio of 1.0, the core diameter, D, was calculated as:
D =
A of the pertinent core parameters is provided in Table   6.2 for the pin-type and cermet cores. A steady-state core power of 50 MW was assumed for both cores. The calculated temperature responses for both cores are shown in Figure 6 .1. Two curves are shown for the cermet core, the second curve shows the core temperature response if the power density is reduced by a factor of ten from its original value. The temperature for the pin-type core peaks at a value of 3040 K at about 22 minutes. At this time, the rate of decay power generation in the core is equal to the rate at which power is removed from the core by radiation to space. The core temperature then slowly decreases as the power continues to 24 decay. At approximately one minute, the cermet core temperature peaks at 5164 K which is over 2000 K higher than the pin-type core peak temperature.
summary
If it is assumed that the peak core temperature must remain below 3000 K (the approximate melting temperature of UN), then clearly the specific power of the cermet core must be reduced. Reducing the specific power by a factor of ten reduces the peak temperature by 1964 K to a value of 3200 K. (This peak temperature occurs at about six minutes.) Thus, much of the benefit offered by cermet fuel, with respect to specific power, may be lost after safety-related concerns are addressed. A better assessment of the possible specific power penalty can be made only after complete designs of the reactors are available: it is expected that the transient temperature response will be strongly dependent on the details of the design. A more sophisticated analysis will be warranted when the design details are available. The specific power for the pin-type fuel ranged between about 0.04 and 0.6 MW/kg depending on the maximum-allowed fuel temperature, coolant temperature, and gap conductance. High maximum-allowed fuel temperature, low coolant temperature, and high gap conductance were most favorable with respect to specific power. Liquid metals possess good heat transfer properties, therefore, the thermal resistance associated with the coolant was relatively small. Because the thermal resistance associated with the gap dominated the total resistance, elimination of the gap resulted in significant increases in the specific power.
The specific power for the cermet fuels varied between about 1.0 and 3.5 MW/kg, again depending on the fuel and coolant temperatures. Because the cermet fuels do not have a gap and because the matrix material possesses very good thermal conductivity, the thermal resistance associated with the coolant was relatively large. Therefore, increasing the coolant heat transfer coefficient was most beneficial for the cermet fuels. Critical heat flux data for liquid metals in a zero-g environment is essentially nonexistent. However, based on data for other fluids, it appears that critical heat flux concerns may limit the specific power for space-based liquid-metal-cooled reactors.
Another concern that may limit the specific power is the fuel temperature response following a loss-of-coolant accident. Very simplistic calculations indicated that it may be necessary to significantly reduce the core specific power in order to prevent fuel melting following such an accident. Such safetyrelated concerns should be considered in the design of a space-based reactor.
Robert
Siegel 
